We present optical observations of BL Lacertae (BL Lac) in the standard BVRI bands with the 80 cm Tsinghua Centre for Astrophysics-National Astronomical Observatories of China telescope. In 2004, BL Lac was monitored for 25 nights, between September and November, to study its long-term optical variability behaviour. The source initially faded by R ∼ 1 mag in ∼30 d and then brightened by R ∼ 0.8 mag in ∼20 d. It was further monitored for six consecutive nights on 2005 September 3-8, focusing on its intranight variability characteristics. The source continuously brightened by R ∼ 0.7 mag during the six nights, with some visible fluctuations superimposed on to the brightness-increasing trend. The amplitudes of intranight variations tend to increase from I to B wavelengths. BL Lac exhibited strong bluer-whenbrighter behaviour for the internight variations, which is less pronounced for some of the intranight variations. The intranight variations between different bands are correlated without measurable time lags in most time, but the flare on 2005 September 6 showed that the R-band variations lagged the B band ones by 1052 +859 −759 s. Our results indicate that the optical variability properties of BL Lac (the prototype of low-energy-peaked BL Lac objects, LBLs) remarkably resemble the X-ray variability properties of high-energy-peaked BL Lac objects (HBLs). The similarities imply common origin of the variations, plausibly the most energetic tails of the synchrotron emission produced by the relativistic electrons in the jets, for both the optical emission of LBLs and the X-ray emission of HBLs.
LBLs are both dominated by the highly variable high-energy tail of the low-energy synchrotron component. In particular, the simultaneous optical and X-ray observations showed that BL Lac was more variable in the optical and the soft X-ray bands than in the hard X-ray band (e.g. Ravasio et al. 2002 Ravasio et al. , 2003 . Such energydependent variability in individual sources can be interpreted by the fact that the hard X-ray emission of BL Lac is controlled by less-variable low-energy part of the high-energy inverse Compton component while the optical to soft X-ray emission is dominated by the strongly variable high-energy tail of the low-energy synchrotron component.
BL Lac, the prototype of a class of extragalactic objects referred to as BL Lac objects, has been observed in the optical band on different time-scales for more than one century (e.g. Fan et al. 1998; Villata et al. 2002 and references therein) . Rapid and largeamplitude changes in fluxes over time-scales of less than one day were first detected by Racine (1970) . Miller, Carini & Goodrich (1989) found a 0.12 mag variation within 1.5 h. Carini et al. (1992) and Maesano et al. (1997) noted that the optical spectrum of BL Lac became harder with increasing fluxes. In 1997, BL Lac showed a prominent optical outburst, characterized by long duration and large amplitude (e.g. Nesci et al. 1998; Speziali & Natali 1998; Webb et al. 1998; Ghosh et al. 2000; Clements & Carini 2001) . During this outburst, the source also showed a number of rapid and largeamplitude variations, e.g. a rapid brightening of ∼0.6 mag within 40 min (Matsumoto et al. 1999) . Using intensive multiband optical observations of 5 d in 1999 and 2001 July, Papadakis et al. (2003) studied in detail the optical microvariability of BL Lac; they found that BL Lac was highly variable and the optical spectrum became harder with increasing fluxes. The light curves in different bands were strongly correlated with no measurable time lags except for one case in which I-band variations were possibly delayed by an amount of ∼0.2 h in reference to B-band variations. Stalin et al. (2006) found that the optical spectra of BL Lac hardened with increasing brightness on intranight time-scales rather than on internight timescales, and there might exist a delay between the V-and R-band variations as well. Zhai & Wei (2012) also claimed complicated spectral changes from observations done during 2011 May-August, with no measurable interband lags.
BL Lac is also an interesting target to perform simultaneous multiwavelength observations from radio to γ -ray bands (e.g. Ghosh et al. 2000; Villata et al. 2002 Villata et al. , 2004b Böttcher et al. 2003) , in collaboration with the Whole Earth Blazar Telescope (WEBT 1 ) (e.g. Villata et al. 2002 Villata et al. , 2004a Raiteri et al. 2009 Raiteri et al. , 2010 . In particular, the WEBT collaboration provides an opportunity to monitor and study the long-term optical flux and spectral variations of blazars. For example, with the long (1997) (1998) (1999) (2000) (2001) (2002) and well-sampled B-and R-band light curves of the WEBT data, Papadakis, Villata & Raiteri (2007) confirmed the 'bluer-when-brighter' long-term optical variations of BL Lac, and found that its spectral variations lead the flux ones by about 4 d.
The X-ray variability characteristics of HBLs (mainly the TeV sources) have been intensively studied on short time-scales with various X-ray telescopes (e.g. Tanihata et al. 2001; Zhang et al. , 2006a Brinkmann et al. 2005) . The X-ray variability of HBLs is also remarkably complicated (see Pian 2002; Zhang 2003 for reviews). In order to study the optical variability of different subtypes of blazars on intranight time-scale, we started a campaign to intensively monitor a small sample of bright blazars. The main 1 See http://www.oato.inaf.it/blazars/webt/ for details.
purpose of this project is to study in detail the optical variability of LBLs and FSRQs on intranight time-scale. Very high energy (VHE) gamma-ray emission was detected for LBLs and FSRQs, e.g. BL Lac (Albert et al. 2007 ) and 3C 279 (Teshima et al. 2008) . Possible correlations between their VHE and optical emission strengthened optical observations and studies of LBLs and FSRQs. This is analogous to the simultaneous X-ray and VHE observations that have been frequently carried out for HBLs, e.g. Gliozzi et al. (2006) for Mrk 501 and Aharonian et al. (2005) for PKS 2155−304. Our optical observations will be compared with the short-term X-ray variability of HBLs. We present here the first results from the observations of BL Lac.
The observations and data reduction are described in Section 2. Section 3 presents analysis of the light curves, colour indices and cross correlation. In Section 4, we discuss our results and compare them with the X-ray variability of HBLs. Conclusions are given in Section 5. The images were reduced using the APPHOT package of Image Reduction and Analysis Facility (IRAF) software. All images were corrected by the biases taken at the beginning or at the end of observation and by the flat-fields obtained at dusk or dawn every night. We performed aperture photometry and obtained the instrumental magnitudes for both BL Lac and the comparison stars for each frame. According to the seeing (∼2.5 arcsec on average) conditions, different aperture radii (5-11 arcsec) were used for the photometry. The four comparison stars B, C, H and K in the BL Lac frame (Fig. 1) are taken from Smith et al. (1985) . By averaging the differences between the standard magnitudes and the instrumental magnitudes of the four comparison stars, we converted the instrumental magnitudes of BL Lac to the standard magnitudes. Errors in magnitude determination are typically 0.01-0.02 mag by checking the standard uncertainties of the differences of the instrumental magnitudes between any pair of comparison stars. Table 1 tabulates the apparent magnitudes and the standard uncertainties of BL Lac averaged per night.
O B S E RVAT I O N S A N D DATA R E D U C T I O N

BL
In order to calculate fractional variability amplitude (Section 3.3) and cross-correlation function (CCF, Section 3.5), we performed the Galactic extinction corrections for the apparent magnitudes of BL Lac and then converted them into flux densities. We adopt the latest extinction values for BL Lac from NED, 4 i.e. A B = 1.193 mag, A V = 0.902 mag, A R = 0.714 mag and A I = 0.495 mag, which were based on the recent work of Schlafly & Finkbeiner (2011) . Corrected magnitudes are then transformed to flux densities by using the absolute irradiance of zero magnitude tabulated in Zombeck (2007) . by about 1 mag in the R band, implying that pronounced variations do not depend on the source's brightness levels. superimposed on to the intranight variability trend. The variations in the different bands appear to track with each other. Fig. 4 presents the intranight light curves of BL Lac acquired on 2005 September 3−8. On September 3, the source decayed in the first ∼2.5 h and then brightened within the subsequent ∼2.5 h. It exhibited a slower trend of brightening on September 4. It brightened within the ∼8 h observations on September 5 as well. A flare might be completely sampled in the B band on September 6: BL Lac brightened in the first ∼1.5 h and then faded. It is worth noting that the peak of the R-band flare appears to be delayed with respect to that of the B-band flare. On September 7, the source was characterized by a slowly brightening trend, while a decaying trend may describe the variations on September 8. The intranight variations in the different bands appear to follow each other as well.
R E S U LT S
Long-term variability
Intranight variability
It is worth noting that the intranight variability of BL Lac, as viewed by our observations, only showed a rising or decaying trend in most of time. This phenomenon might be caused by an insufficient observational length (duration of typical ∼6−8 h or even less) in each night performed with a single telescope. The observed rising or decaying trends should be a portion of 'full flares' on longer time-scales of about 1 d.
Variability amplitude
We quantified the intranight variability of BL Lac with the fractional variability amplitude (F var ; e.g. Zhang et al. 2005) . Table 2 lists the values of F var for the eight nights from the intranight light curves shown in Figs 3 and 4 , whose values of F var are larger than 2 per cent in most of the observed bands. The intranight variability amplitude tends to increase with decreasing wavelengths for most of the nights. 
Spectral variability
Cross-correlation analysis
We used the z-transformed discrete cross-correlation function (ZDCF) technique (Alexander 1997) to calculate CCF and to search for possible time lags between the intranight R-and B-band variations. We binned the lags by collecting the data pairs with small time differences between the R-and B-band light curves. The ZDCF and its error at each lag were estimated by randomizing the flux densities on the basis of Gaussian distribution for the observational errors. We calculated the ZDCFs for the intranight variations shown in Figs 3 and 4. Except for 2005 September 6, we found that the time lags We fitted the ZDCF with a Gaussian function plus a constant. The time lag to which the peak of Gaussian function corresponds gives a more reliable estimation of lag. The best-fitting Gaussian function is plotted in Fig. 6 to guide the most possible position of the ZDCF peak. The best fit suggests a soft lag of 1052 +859 −759 s. As we mentioned in Section 3.2, this soft lag might be already perceived in the light curves themselves (see Fig. 4 ).
Our CCF results are similar to those obtained by Papadakis et al. (2003) for BL Lac. Among their five nights of observations, they also detected a significant soft lag of ∼0.2 h in one night, and the lags are also consistent with zero for the other four nights. However, the four intranight variations of BL Lac presented by Zhai & Wei (2012) did not show time lags.
D I S C U S S I O N
On intranight time-scales, our results state clearly that the optical variability properties of BL Lac resemble the X-ray variability properties of the well-studied HBLs such as Mrk 421 and PKS 2155−304.
Both Mrk 421 and PKS 2155−304 show 'characteristic' X-ray variability time-scale of about 1 d (e.g. Takahashi et al. 2000; . The optical variability of BL Lac also exhibits similar time-scale as shown by our observations (see also Papadakis et al. 2003; Zhai & Wei 2012) . The X-ray fractional variability amplitude of Mrk 421 and PKS 2155−304 is of the order of a few per cent (e.g. Sembay et al. 2002; Zhang et al. 2005) , which is comparable to the optical fractional variability amplitude of BL Lac that we obtained at The Australian National University on July 30, 2014 http://mnras.oxfordjournals.org/ Downloaded from (see also Papadakis et al. 2003) . The variability amplitude becomes larger with higher energies for both the X-ray variations of Mrk 421 and PKS 2155−304 and for the optical variations of BL Lac. The optical power spectral density (PSD) of BL Lac ) is similar to the X-ray PSDs of Mrk 421 and PKS 2155−304 , both are characterized by the red noise shape with a slope of ∼2-3. More interestingly, visual examination of the light curves on 2005 September 3-8 (Fig. 4) suggests that the intranight fluctuations are superimposed on to the brightening trend on longer time-scale. A very similar phenomenon was already detected in the X-ray variability of Mrk 421 (Takahashi et al. 2000) .
The X-ray spectra of Mrk 421 and PKS 2155−304 become harder with increasing brightness (e.g. Fossati et al. 2000; . Papadakis et al. (2003) and our results also show that the optical spectra of BL Lac harden when the source brightens. However, the relationship between spectral indices and fluxes is not trivial. For the well-sampled individual 'flares', the relationship for the rising and decaying phases does not follow the same trend, i.e. the spectral variations with respect to the flux variations usually show a clockwise or an anticlockwise 'loop-like' pattern. This empirical pattern has been detected in individual X-ray flares of Mrk 421 and PKS 2155−304 (e.g. Fossati et al. 2000; . Papadakis et al. (2003) We note that the optical variability of other classical LBLs, such as S5 0716+714 (e.g. Wu et al. 2012 ) and ON 231 (e.g. Cheng, Zhang & Xu 2013) , also exhibit similar properties to those of BL Lac.
If the soft lag represents the difference of the energy-dependent synchrotron cooling times of the emitting relativistic electrons in the relevant R and B bands, i.e. τ soft = t cool (R) − t cool (B), the physical parameters of the emitting region could be constrained by using the following relation (e.g. Zhang 2002):
where B is the magnetic field strength, δ the Doppler factor of the emitting region, z the source's redshift, and E R and E B are the R and B band photon energies (in keV), respectively. For the soft lag of ∼1052 s we obtained for the 2005 September 6 flare, we derived Bδ 1/3 ∼ 5.3 G, or B ∼ 1.7-2.5 G for δ ∼ 10-30 generally adopted for BL Lac objects. Such a magnetic field strength of the optical emitting region in BL Lac is thus about 10 times that in the X-ray emitting region in Mrk 421 and PKS 2155−304, derived with the same method (e.g. Fossati et al. 2000; .
Similar properties of intraday variations in the X-ray bands of HBLs Mrk 421 and PKS 2155−304 and in the optical bands of LBL BL Lac may hint at similar physical origin for their variability. This inference seems to be supported by the luminosity-related SED sequence of blazars. Simultaneous multiwavelength observations show that both the optical emission of BL Lac and the X-ray emission of Mrk 421 and PKS 2155−304 are most likely the highenergy tail of synchrotron emission, as the synchrotron emission peaks in the optical and X-ray range for LBLs and HBLs, respectively. Rapid variability with similar characteristics is therefore expected in the optical band of LBLs and in the X-ray band of HBLs. Lower synchrotron peak energies of LBLs with respect to those of HBLs may relate to the higher value of magnetic field for LBLs than for HBLs in their emitting region , which is in agreement with the observational inferences derived from the time lags. (iii) The bluer-when-brighter trend of spectral variability is significant for the internight variations, which is less pronounced for some intranight variations.
C O N C L U S I O N S
(iv) The intranight light curves in different bands are correlated. A pronounced soft lag of ∼0.3 h is found for the flare obtained on 2005 September 6, but the time lags are consistent with zero within the uncertainties for other intranight variations.
The optical variability properties of LBL BL Lac are very similar to the X-ray variability properties of HBLs Mrk 421 and PKS 2155−304. The similarities are expected within the current blazar SED sequence scenario: both the optical emission of LBLs and the X-ray emission of HBLs are the high-energy tail of synchrotron emission produced by relativistic electrons in the jets. Therefore, not only the rapid X-ray variations of Mrk 421 and PKS 2155−304 but also the rapid optical variations of BL Lac can provide valuable clues on the acceleration and cooling of relativistic particles. However, due to different peak energies of synchrotron emission, the detailed physical parameters of emitting regions are not expected to be identical for the two classes of objects. With the significant soft lags detected occasionally, we estimated magnetic field strength of the optical emission region in BL Lac as B ∼ 2 G, which is about one order of magnitude larger than those of the X-ray emitting region of Mrk 421 and PKS 2155−304.
